Abstract-A novel design of a highly sensitive wireless passive RF strain transducer is presented based on a patch antenna loaded with an open loop that is capable of sensing strain independently in two directions. An original idea of utilizing a cantilever at the gap of the open loop significantly improves the sensitivity of resonant frequency shifts. The frequency shifts in two distinct resonant modes are detected based on two dominant orthogonal modes of the patch resonators. In measurements, the prototypes achieved a sensitivity of 2.35% frequency shift per 1% strain, more than twice that of existing strain transducers of the same class. In simulations, the new design achieved a theoretical sensitivity up to four times as high as existing designs of RF passive wireless strain transducers. The ground plane allows for the sensitivity of the sensor to be independent from the applied surface. An implementation example of the passive remote sensing system based on the proposed strain transducer is also discussed as a proof-of-concept case. Based on calculations, the interrogation method in the example shows a radar cross section fluctuation of 3.8 dB corresponding to the strain induced at the sensor.
crack developments to be detected early [2] , [3] . In medical uses, strain sensing also include implantable sensors for bone, joint healing processes, and bone fracture monitoring [4] , [5] . In aerospace, strain is especially sensitive for operations of aircraft, including the conditions of wings and blades, and the fatigue of the aircraft body [6] . Therefore, strain sensing needs to be accurate, quick, and efficient to allow long-term monitoring with little maintenance for public safety and economic and industrial prosperity. However, uses of sensors embedded in structures and machines remain limited.
Strain sensors have been widely developed utilizing different techniques; the most common types are resistive and capacitive gage. Since those sensors typically require wiring and/or complex circuits, they add a weight overhead [7] , which is highly undesirable, especially for the implementation on aircraft wings or helicopter blades. Besides those wired sensors, some wireless sensors have been reported [8] , [9] . They usually include an embedded microprocessor and an RF module, which is integrated with the transducer. Such a circuit requires battery power to operate, has a limited lifetime, and requires more frequent maintenance and replacement. Thus, they are unsuitable for long-term monitoring. Other sensing techniques based on optical fibers are compact, lightweight, and capable to be sensed remotely, but expensive [6] [7] [8] [9] [10] . Therefore, wireless passive strain sensors that can address the problems mentioned earlier are highly desirable.
Recently, through a number of works that address the sensing of numerous physical parameters, such as pressure, temperature, and strain, the concept of RF transducers has been introduced [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . An RF transducer is a structure that can transform a physical parameter into an RF parameter, such as a resonant frequency shift, a radiation pattern, or a radar cross section (RCS) level change that is readily detectable by a remote system. Ideally, such sensors should simultaneously be the resonant radiators, which can eliminate the need for additional antennas, which are the major limiting factor in miniaturization of these devices. In the past, rectangular and circular patch antennas have been utilized [17] [18] [19] that operate based on frequency shifts. However, their sensitivity is limited. One reported design is based on split-ring resonators that constitute a resonant scatterer whose resonant frequencies are sensitive to strain [20] . However, it is highly dependent on the applied surface, and it has low sensitivity. In previous work, a design was introduced that is based on a patch antenna loaded with an open loop [21] , [22] . It could achieve significantly higher sensitivity than previous RF strain transducers. In this extended work, we further enhance the performance of this sensor and report for the first time the capability of sensing strain in two independent directions, i.e., enabling sensing of arbitrary on-plane strain direction in a passive and remote platform. To the best knowledge of the authors, this transducer is the first of its kind in structural health monitoring. This paper is presented in the following order. In Section II, we discuss the designs and principles of operation. Section III illustrates how the sensor designs are modeled with regard to sensing strain and also reports the simulation results. Section IV shows benchmarking prototypes and the strain measurement setup followed by results and discussions in Section V. Section VI illustrates a possible remote sensing scheme based on frequency-modulated continuous-wave (FWCW) radar.
II. DESIGN AND PRINCIPLES OF OPERATION
The single-loop structure of the new strain sensor in 3-D view is shown in Fig. 1 [21] , [22] , while the 2-D strain transducer design over the sensing plane is shown in Fig. 2 . In the 2-D design, a rectangular patch is loaded with two stubs, each on the radiating edge of the corresponding resonant mode, i.e., two dominant orthogonal modes, induced by orthogonal excitations that affect two different sides of the patch. Each stub in turn is connected to an open loop whose resonant frequency depends on the open gap capacitance. Specifically, an open loop is loaded along in order to modify the dominant resonant mode that is induced by the -polarization excitation. Similarly, another open loop is loaded along in order to modify the dominant resonant mode that is induced by the -polarization excitation. The lowest resonant frequency of the open loop, determined by the length of the loop and the gap capacitance, is designed to be close to the dominant resonant frequency of the patch along the -or -direction (Fig. 2) . As a result, for each orthogonal mode of the patch, the structure generates a dual frequency response in which the separation of the two frequencies is strongly influenced by the capacitance of the open ring. The correspondence implies that the resonant peaks, especially the one controlled by the open loop, are very sensitive to the capacitance value of the gap for each polarization mode. The open loops here are modified from a traditional open loop, which is the key idea first introduced in our previous work [21] , [22] on sensitivity improvement. This is the first of the two operational principles of the new 2-D strain transducer proposed in this work.
Strain is measured by the deformation of the material volume along the strain direction. It is denoted as . The "zero-strain" length in the stretched direction is deformed into , as shown in (1) Strain is unitless, and usually measured in % or micro-strain , which is 10 of
Therefore, any resonant structure attempting to transform this change directly into a detectable RF signal is inherently limited as the existing designs have shown [17] [18] [19] [20] . As illustrated in [21] and [22] , to solve this problem, we utilize a cantilever implemented on each open loop loaded on a patch antenna instead of the patch itself solely as done in [17] and [18] .
Each cantilever is shorted electrically and fixed mechanically at one end of the corresponding open loop, while the free end of the cantilever and the other end of the open loop form a parallel plate capacitor. Thus, the split gap between the two ends of the traditional open ring [see Fig. 3(a) ] is transformed into the separation gap of a parallel plate capacitor (Figs. 3(b) and 4) . The transformation from the configuration of Fig. 3(a) into that of Fig. 3(b) allows the capacitance to be tuned nonlinearly with respect to the surface strain in the following mechanism. As a certain % strain is induced on the substrate along the -direction (Fig. 4) , the is increased by , which is equal to % . Since the cantilever is fixed to the surface only at one end, it remains unaffected by this strain, and thus, its length, , is constant. Therefore, the entire length deformation is transferred to the change in (Fig. 4) . Consequently, the capacitance is modified by % instead of % , in which can be engineered to be significantly larger than , as shown in Fig. 2 . The use of triangular tips at the loop gap further increases the rate of change of the capacitance with a given rate of change of the induced by a given strain. The two inherent independent polarizations of a patch resonator allow independent interrogation of strain in two orthogonal directions, and the strain sensing in one direction is not influenced by the strain in the other. The operation of the strain sensor shown in Fig. 2 is clarified in Section III. This operational principle lays the foundation for strain sensing in arbitrary directions because of the shear force (applied on the material surface and responsible for the surface deformation) can be decomposed into two orthogonal components (Fig. 5) . This is the second of the two operational principles of the new 2-D strain transducer proposed in this work.
III. MODELING AND SIMULATIONS

A. Modeling
As a proof of concept for the above design, a transducer is designed to operate around 3 GHz on Kapton substrate of 100-m thickness with a dielectric constant of 3.4. An increase of 1% is applied to each length of the parameters along the -direction only, then RF responses for each polarization of the patch-based transducer are analyzed in order to show the capability of 2-D sensing of this design. The applied strain in the -direction increases the length of the parameters and . Note that increased by 1%, while is fixed. Consequently, the dimension decreases by 1% of . Additionally, the substrate under strain also experiences the Poisson effect, which essentially causes a contraction in the direction transverse to the strain. Thus, the dimension effectively decreases. The Poisson effect is the ratio of this contraction to the extension caused by the strain. The Poisson effect can be calculated as shown in (2) , in which denotes the width of the dimension that is transverse to the strain direction, is Poisson's ratio of the Kapton, and is the applied strain. Other parameters along the -direction, such as , and those under the Poisson effect, such as the thickness of the substrate and the width of the open loop, are negligible to the RF response of the structure; hence, they are not accounted for. This simplification is justified in the measurement results shown in Section V. In addition, within a few percent (1%-5%) of the loop width , 
B. Study of the First Principle of Operation-Modification of the Open Loop for High Sensitivity
Different
values are simulated on the single-loop patch structure ( Fig. 1) to investigate the effect of the loop gap capacitance upon the resonant frequencies of the loop-loaded patch. For simplicity and without loss of accuracy, we have not included the second loop that is loaded along the -direction in order to analyze the effect of the loop gap capacitance. In this study, we investigated the first principle of operation of the transducer for only the -polarization mode of the patch. We will show later that this approach is sufficient to address the frequency shifts that occur in the 2-D structure in practical measurement (Fig. 2) . We varied only in these simulations while keeping the other values the same for each value in both nonstrain and strain-load conditions. Different values effectively yield different values, as illustrated in Fig. 6 .
simulations results are presented in Fig. 7 for and m. Each value with either zero or 1% strain conditions is simulated using the parameters provided in Table I . Notice that the gap between the two parallel surfaces, the lower face of the cantilever free end and the upper face of the open-ended loop, is set to 10 m. This parameter is highly critical to the sensitivity of the strain transducer because it determines the initial gap capacitance as well as the value of . It is observed from the results in Fig. 7 that each model has a dual frequency response with two close resonant frequencies. The sensitivity of the transducer depends on the value of , which determines the initial capacitance and rate of change of the capacitance as is decreased. Here, the highest sensitivity that can be achieved is found to be for m, which induces a frequency shift of 125 MHz at 2.72 GHz, or 4.6% frequency shift per 1% strain, as reported in [21] and [22] . This sensitivity is more than four times the sensitivity achieved by rectangular and circular patch antennas previously proposed that rely only on the change in the dimensions of the patches and achieved a sensitivity of only 0.9%-1.0% frequency shift per 1% strain [17] [18] [19] . It is observed that as the strain is applied, the resonant frequencies increased due to the resulting decreased overall capacitance. Such responses are consistent in all three simulated configurations (Fig. 7) . Here, the strain is investigated up to 1% because it is the typical level of detection interested in industrial structures, such as bridges and aircrafts. It should be noticed that each set of curves [blue (in online version), black, and red (in online version)] reflects the different values only, while within each set, the difference between the solid and dash line curves reflect the strain simulations in which is constant and the parameters and are changed according to Table I . It can be observed that the resonator has the largest response for the changes in the set of parameters when is around 9750 m and this response is altered not in a monotonic manner for other values of . This indicates that the two resonant frequencies are responsible by the two impedances coupled through the short stub ( ), one from the loop and another from the patch, generating a nonlinear response as the capacitance of the loop impedance changes.
In this design, the loop can be considered to be a modified stub that is loading on the patch. Based on the stub loading technique, tunable dual and triple resonant frequency patch antennas have been achieved [23] , [24] . The design of the loop here is an effective method to maximize the capacitive change of the load (the loop) in response to the strain. Fig. 8 and 9 show the surface current distributions of the single loop design in Fig. 1 with parameter of 9750 m in the cases of zero and 1% strain, respectively (the black curves in Fig. 7 ). We observe that the standing waves that are formed on the loop influence the fundamental mode of the patch, which causes the frequency shift. The patch loop structure can be considered to have two centers of resonant-or standing-wave regions, but the patch is still the effectively dominant radiator from which most radiation occurs. Since can be written as , where and denotes the impedance of the loop and the patch, respectively, we observe that the rate of change of with respect to , which contains a term of , is at least a second-order dependence. Therefore, such a rate of change would have at least a local maximum that is reflected in the nonmonotonic sensitivity of different curves. To understand the nature of this relationship and the nonmonotonic response of different curves, an equivalent-circuit model should be obtained for this open loop loaded patch structure. This will be the subject of future work, and therefore, this topic is not within the scope of this paper. On the other hand, levels in Fig. 7 appear to be high, indicating an impedance mismatch. Furthermore, we also observe from Fig. 7 that the reflection level is compromised by the sensor sensitivity. For example, the lower resonant frequency of the blue curves (in online version) ( m) has lower than that of the other curves, but the sensitivity in terms of frequency shift per 1% strain (26 MHz) is lower than others, which are giving 66-and 125-MHz shifts. To reduce the mismatch, additional matching elements can be added. However, to maintain the sensitivity at the same time would require further investigation and optimization of the design. At this stage of our work, we limit our scope to demonstrate the newly proposed principle of the cantilever integrated with a loop and a patch that can significantly improve the frequency shift with respect to the applied strain. 
C. Study of the Second Operational Principle-Capability of Sensing in Multidimensional Independently
Two different configurations of the structure in Fig. 2 are set up in order to investigate the responses of the transducer in different direction/polarization modes. The simulated models are shown in Fig. 10 where the strain is applied in the -direction, while the feed point of each configuration is orthogonal to each other. The dimensions of the resonator under nonstrain and 1% strain conditions are shown in Table 1 corresponding to parameters indicated in Fig. 2 . The simulation results of this study are shown in Fig. 11 with m, in which the solid lines represent the response of the -polarization excitation and the dashed lines represent the response of the -polarization excitation. Fig. 11 shows that around 2.8 GHz when there is strain in the -direction, a significant frequency shift is observed only for the -polarization mode, while the response in the -polarization mode stays relatively the same. Consequently, the strain in the -direction does not influence the frequency response of the -polarization excitation. Note that the resonant frequency is shifted by 110 MHz (2.75-2.86 GHz), similar to the one observed for the simplified single loop structure of Section III-B (the black curve in Fig. 7) , i.e., the sensitivity remains the same when another loop is added orthogonally. Therefore, the frequency shift observed in the -polarization excitation can be attributed to the strain in the -direction only. Since the dimensions and of the patch are slightly different, it can be identified that the -polarization response has a -peak around 3.3 GHz and the -polarization response has one around 3.4 GHz. These peaks have almost no shift in strain response since they are due to the patch; therefore, they can be used to correspond the frequency shift to the strain direction, i.e., the frequency shift around 2.8 GHz can be identified to be caused by strain in the -direction if the shift occurs in the curve containing the 3.3-GHz peak or -direction if the shift occurs in the curve containing the 3.4-GHz peak. As a result, the strain in and can be detected independently with this same transducer. Once the strain in the -and -direction are obtained, the final strain in an arbitrary direction can be deduced by superposition of these two orthogonal strain responses because strain is essentially the shear force applied on the surface combining vectorially the two strain components (Fig. 5) . Therefore, this mechanism allows indicating the strain in an arbitrary direction.
Note that the resonant frequency of the ring is not only highly sensitive to the capacitance area (Fig. 6) , but also the gap between the cantilever and the other ring end ( in Fig. 4) . Results from Fig. 7 show that mainly the capacitance area determines the sensitivity of the transducer in terms of frequency shift for a given strain. To show that the second principle still holds valid regardless of the gap capacitance area (Fig. 6 illustrated the overlap) or the gap size ( in Fig. 4 ), the width of the cantilever is changed to 800 m instead of 1000 m, and is changed to 15 m instead of 10 m (compared to Table I ). The simulation results are shown in Fig. 12 for the same strain conditions applied from Table I . Although the resonant frequency of the loop is relocated to around 3.6 GHz instead of 2.8 GHz in Fig. 7 , the same behavior is observed, i.e., a significant shift of about 120 MHz (3.67-3.55 GHz), i.e., 3.3%, occurs only in -polarization excitation. Observe that from Figs. 10 and 11 there exists a small shift of a about 20 MHz in -polarization excitation (3.61-3.63 GHz), i.e., 0.55%. In principle, this small shift can be de-embedded in detection processing.
IV. PROTOTYPES AND MEASUREMENT SETUP
For the experimental verification of the above simulated trends, two prototypes of the proposed design in Fig. 2 were fabricated with two different feed positions exciting two orthogonal modes of the patch. The fabrication process was similar to the one described in [21] and [22] . The patch and the flat open ring portion of the circuit were fabricated on Kapton with 100-m thickness without the cantilever, while the cantilevers were fabricated separately from a 100-m-thick aluminum sheet (Fig. 13) . The cantilever was then manually assembled onto the patch circuit.
To prepare the patch circuit for assembly, the surface surrounding the tip of the ring (the portion on Kapton) was cleaned and a small amount of transparent adhesive glue spread as thin as possible was manually applied to create a 10-15-m insulating layer (Fig. 14) ; however, the thickness of this layer could not be controlled very accurately due to the manual process. After this glue layer is dry, the aluminum cantilever was soldered to the other end of the open loop (Fig. 14) . To ensure the cantilever tip was in contact with the glue layer and fixed in the normal direction, but free to move in the elongation direction, Scotch tape was then used to cover over the surface (Fig. 14) . In this configuration, as the open loop was stretched, the cantilever could still move freely as the soldered end of the cantilever pulls on it. The tape can also prevent the motion in a random arbitrary direction due to mechanical noise. The exerting force can move the cantilever only in the direction of the applied strain. The completed prototypes of the two different excited polarizations are shown in Fig. 15 .
The measurement set up is shown in Fig. 16 . In this figure, the strain patch sensor substrate has its top edge mounted to a fixed location on a ladder. The bottom edge of the Kapton substrate is attached to a variable load below. As the load increases when more weights are added, its gravity would pull on the substrate stretching its body in the vertical direction. As the substrate is stretched, the strain would be induced on the substrate surface. The sensor is connected to the vector network analyzer (VNA) with a coaxial connector shown near the top left in Fig. 16 . The VNA was calibrated with standard thru-reflect-line (TRL) procedure. Therefore, the frequency responses of the antenna can be monitored in real time corresponding to the strain level induced by different loads. Due to the limited availability of loads, only irregular increments of load were implemented. Note that Fig. 16 illustrates the measurement setup only. The sample that appears in the figure is not a part of the measurements reported in Section. V. Instead, each sample presented in Fig. 15 was subjected to the measurement setup shown in Fig. 16 . Due to a laborious manual process, it is difficult to accurately control the initial gap capacitance of the circuit since the can be easily varied between 750-1000 m (Fig. 6 ) and the gap size can be varied between 10-20 m. Therefore, it is difficult to tune the circuit response to the operation point of the largest sensitivity response (Figs. 7 and 12 ). The strain resulting from this setup can be estimated according to (3) [17] , where is the load, is the Young's modulus of Kapton (2.5 GPa), is the thickness of Kapton, and is the total width of the Kapton substrate, which is 150 mm (3)
V. RESULTS AND DISCUSSION
The measurement results of the two prototypes in Fig. 15 are shown in Figs. 17-19 for different loads corresponding to different strain values. Fig. 17 shows the frequency responses of Fig. 17 . Measured of the fabricated prototype with -polarization excitation subjected to various attached weights. Fig. 18 . Measured of the fabricated prototype with -polarization excitation subjected to various attached weights.
the -polarization excitation prototype under different loads in the -direction, while Fig. 18 shows the frequency responses of the -polarization excitation prototype under different loads also in the -direction. Note that these frequency responses correspond to the simulations shown in Fig. 12 in which a thicker capacitance gap is investigated. This shows that the adhesive gel applied in this assemble is thicker than the one in the single loop prototype shown in the previous work [21] , [22] . Nonetheless, it can be observed that the frequency shift only occurs in the -polarization excitation prototype, thus validating the operational principles discussed in Section II.
A frequency shift of about 70 MHz (3.62-3.69 GHz) can be observed in Fig. 19 where the magnitude of of the -polarization excitation prototype is plotted around 3.6-3.7 GHz. This shift occurs for strain of 0.04%-0.88% calculated based on (3). The sensitivity in terms of frequency shift versus percentage of the applied strain is plotted in Fig. 20 . The slope of the best fit curve gives a sensitivity of 2.35% frequency shift per 1% strain. This is more than two times higher than the sensitivity of the existing strain transducers of the same class. Based on the same design and operational principles, the highest sensitivity observed in simulations was shown to be about four times higher than existing transducers that produce about a 1% frequency shift per 1% strain (black curve in Fig. 7) . Although the prototype is not Fig. 19 . Measured around 3.6 GHz of the fabricated prototype with -polarization excitation subjected to various attached weights. operating at the highest sensitive frequency point, these measurements have successfully validated the novel design and the new principles introduced in this work. The resolution of value, i.e., minimum detectable change, of the curves in Fig. 19 depends on the mechanism of the detection system which is discussed in Section VI. Fig. 19 also shows excellent linearity in the interested range of strain, i.e., up to 0.88% of strain. A typical strain level to be monitored in infrastructure and aerospace is up to 1% for structures such as buildings, bridges, and aircrafts.
VI. IMPLEMENTATION EXAMPLE OF THE WIRELESS PASSIVE REMOTE SENSING SYSTEM FOR THE RF STRAIN TRANSDUCER
The RF strain transducer can be implemented in completely passive sensing nodes for remote interrogation. The wireless measurement is based on the variation of the RCS level of loaded multiband scatterers read by an FMCW radar [25] . The scatterers here are the patches loaded with the open loop rings, i.e., the strain transducers. To illustrate the interrogation method that can exploit the frequency shift behavior of the proposed transducer, the RCS response of the sensor design presented in Fig. 1 is calculated and plotted based on the configuration presented in Fig. 21 , in which a thin dipole antenna is terminated by the sensor (one-port patch structure) acting as a load. The well-known expression of the RCS level for this loading configuration is shown in (4) [26] . Here, at a given operating frequency f , is the linear gain of the dipole antenna, is the real part of the complex input impedance of the dipole, and is the complex input impedance of the patch-loop strain sensor. The simulation data obtained from Fig. 7 for of 9759 m (the solid and dash black curves) gives the input impedance of the sensor corresponding to no strain and 1% strain applied (Fig. 22) . This input impedance is utilized in the calculations of (4) together with the input impedance of the thin dipole to derive the RCS responses (Fig. 23) . The dipole antenna is designed to resonate at 2.722 GHz (52 mm in length), which is the resonant peak of the lower resonant frequency observed in the solid black curve of Fig. 7 . The response shows an RCS variation of about 0.73 dB corresponding to the strain applied.
In order to increase the RCS variation observed in Fig. 23 , an impedance transformer is designed and presented in Fig. 24 with the assistance of the package Advanced Design System (ADS) by Agilent Technologies. The input impedance of the patch-loop strain sensor after applying the impedance transformer is shown in Fig. 25 . At the system level, the transformer is inserted at point in Fig. 21 , where port 1 looks into the thin dipole, while port 2 looks into the patch-loop sensor feed point. Therefore, we observe that the new input impedance of the load (the patch-loop sensor) is scaled by a complex factor due to the parallel impedance , where and fF, and the scaling factor itself is also proportional to the variations of the load nonlinearly, as illustrated in (5). The resulting RCS of the thin dipole is then recalculated and shown in Fig. 26 yielding an RCS variation of about 3.8 dB, a detectable level. Consequently, the RCS Fig. 23 . RCS responses due to the loading effect of the strain transducer (without impedance transformer). Fig. 24 . Single parallel capacitance connected at the input port of the patchloop strain sensor allows reaching detectable RCS variation of around 3.8 dB (see Fig. 27 ). In a sensing system, sensor nodes should not only provide information about physical conditions of the surrounding environment, but also provide their identification in the network of multiple sensor nodes. Therefore, based on the technique recently reported in [16] , [25] , [27] , and [28] , the same concept is suggested for the implementation of the strain sensor to allow for an efficient communication and discrimination between networks of many passive sensor nodes with a central monitoring station.
The "reader" loaded horn antenna is usually located several meters away from the terminal of the radar system. Delay cables are connected to different feeding points on the patches to terminate them with either match load, open, or short. In this technique of remote identification and data acquisition, the radar emits RF signals, which would travel through the load system, reflect at the terminal, and re-emit from the sensors with some delays due to the RF cable. The radar ("reader") receives a modified response from the sensors while signals scattered from the rest of the environment remain unmodified. Based on the total travel distance of the signals, each object gives a different beat frequency with a different RCS level. The receiver at the radar may have polarization filters to differentiate signals from the two orthogonal modes of the patches. Therefore, it is capable of reading the strain change indicated by the frequency shifts based on the RCS fluctuations. With different lengths of the transmission lines connecting the sensor nodes (Fig. 27) , the positions of different sensor nodes in this passive sensing network can be identified (indicated by beat frequencies) along with their sensing information (indicated by RCS levels). It is also possible to utilize slightly different operating frequencies (the orthogonal modes of the patches) for a group of sensors in a unit cell when implementing on large surface for sensing with high resolution. In utilizing this transducer in a passive sensor network similar to the one proposed here, the minimum detectable frequency shift is essentially limited by the radar noise level that allows it to detect a minimum fluctuation in the RCS level, which, in turn, depends on at a given frequency. This resolution can be improved further with impedance transformers as shown and/or by scaling the design to the millimeter-wave frequency range in which the noise level, and thus, the minimum detectable level of the FMCW radar, can be smaller. In principle, the final sensitivity resolution also depends on the surface deformation of the substrate, i.e., Kapton, for a given strain applied. However, the elasticity of Kapton is much larger than the surface of the structures monitoring materials such as steel and concrete; consequently, the sensitivity of the transducer is only limited by the frequency shift for a given deformation.
VII. CONCLUSION
A novel design of a highly sensitive wireless and passive 2-D strain RF transducer has been introduced. The newly proposed principles of operation have been illustrated and successfully validated through experiments. These ideas enable a new method of engineered sensitivity for utilizing this type of strain sensing process, which previously was limited to the linear scale of the changes in the lateral dimensions of the structures' surfaces. By utilizing the patch resonators, the sensitivity of the proposed design is independent from the material of the applied surface, yet with novel rings loaded to the patch, a high sensitivity is achieved. The prototypes give a sensitivity of 2.35% frequency shift per 1% strain, which is more than twice the sensitivity of existing sensors of the same class. In theory, the newly introduced principles allow a sensitivity of up to four times higher than previous solutions. Due to limited fabrication capability and rapid assembling, the prototype cannot be built to function at the best operating frequency point; therefore, the sensitivity achieved in the current prototype is limited. To the best knowledge of the authors, the design is also the first of its kind to be capable of sensing strain in arbitrary directions, although results were not directly measured, but directly deduced from the decomposition principle of shear forces. As an example, for a specific remote and passive sensing implementation, the sensor can be interrogated by a radar to monitor its RCS level change as an indicator of strain. A well detectable RCS level change of at least 3.8 dB achieved with the impedance transformer of a single parallel capacitor is shown in calculations based on the proposed interrogation method. This work illustrates feasibility for remote measurements of a strain vector field of a surface. With the well advanced microelectromechanical systems (MEMS) technology and the simplicity of the design, a low-cost manufacturing approach of this design can be readily obtained, which is the next step of this work. Apart from the RCS detection architecture in which smaller targets become harder to show its RCS fluctuations, the sensor and its working principles can be easily scaled to operate at millimeter-wave frequencies for higher resolution of strain sensing or adapted to biomedical applications at lower frequencies. The challenges in scaling to millimeter-wave bands are mostly associated with the fabrication of the cantilevers and stabilizing their positions in operation. Fortunately, the same electromagnetic principle of this transducer still holds valid so the structure only needs to be scaled according to the relationship between operational frequencies and physical dimensions. Although the RCS reading for the sensor at millimeter-wave bands can be challenging, the operation of the strain transducer has been demonstrated successfully in theory and experiments, and the interrogation method has also been verified theoretically.
system-on-package (SOP) integration of embedded functions that focuses largely on modern commercial RF systems such as cellular phones for PCS applications, Bluetooth, and 2.4-GHz industrial-scientific-medical (ISM) applications, RF identifications (RFIDs), wireless local area networks (WLANs) (802.11 a,b,g), LMDS, and millimeter-wave applications at 60 GHz. He has dedicated his research to making the antenna more compact and integrable with multilayer packages such as low-temperature co-fired ceramic (LTCC), liquid crystal polymer (LCP), and multilayer organic (MLO) while maintaining the full functionality of the device for wideband and/or multiband applications. He is also interested in equivalent circuit modeling techniques to assist in the design and optimization of compact wireless devices. Furthermore, he conducts research in remote sensing technologies in the form of pressure, temperature, and user proximity. He is currently involved with the implementation of on-body communications for health monitoring and ubiquitously secure data transfer. 
